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Organophosphate (OP) insecticides are extensively used around the world both in agriculture and in households because of their effectiveness for insect control. Due to their reputation for low environmental persistence, OP pesticides are often used indiscriminately, resulting in detrimental exposure to humans and other nontarget species from various environmental matrices and occupational sources (Roth et al., 1993; Bardin et al, 1994; Sultatos, 1994) . Acephate (AT,O,5-dimethyl Af-acetyl phosphoramidothioate) is used as the active ingredient in a variety of commercial insecticide formulations. Since AT undergoes rapid degradation via hydrolysis following contact with most soils and plants, few chronic toxicity cases of any significance are observed (Racke, 1992; Bardin et al., 1994; Meister and Sine, 1997) . The toxicological concerns of AT are mainly of the acute nature such as following accidental or suicidal ingestion of large doses (Racke, 1992; Betrosian et al, 1995; Tsatsakis et al., 1996) .
Humans acutely exposed to OPs often display pathophysiological manifestations in renal proximal tubules, including acute tubular necrosis (Betrosian et al., 1995) . Tubular cells of the kidney, particularly proximal tubular cells, concentrate most of the nephrotoxins and hence are highly prone to the deleterious effects of xenobiotics (Toutain and Morin, 1992) . Postmortem analysis following acute human OP poisoning revealed higher levels of pesticides in the kidneys than in blood (Shimizu et al., 1996; Tsatsakis et al, 1996) . Berndt et al (1984) demonstrated in rats that OPs could produce acute renal damage and found a direct deleterious effect of OPs on tubular function. Furthermore, their study showed that there was no relationship between these effects on renal function and the degree of inhibition of cholinesterase, which indicated the existence of an alternate mechanism of OP toxicity to renal proximal tubular cells other than the primary mechanism of blockade of neural transmission. The alternate mechanism by which OPs induce renal tubular cell injury remains to be determined. We hypothesized that OP-induced renal toxicity might involve the Reactive Oxygen Species (ROS)-mediated mechanism for the following considerations. ROS have been implicated in hepato-and neurotoxicity induced by several OPs (Julka et al, 1992; Yamano and Morita, 1992; Bagchi et al, 1995; Hai et al, 1995) as well as in many models of toxin-induced renal tubular injuries (Wang and Salahudeen, 1994; BaMgaetal., 1997; Salahudeen, 1998; Salahudeen etai, 1998) . Furthermore, tissue damage induced by environmental toxins is often associated with lipid peroxidation and phospholipid degradation, suggestive of the involvement of ROS. In addition, it has been shown that many phosphorothiolates, which constitute a class of sulfur-containing OP compounds to which AT belongs, are S-oxidized to highly reactive metabolites within cells and tissues (Thompson, 1992) . This study was undertaken to examine mechanistic events, specifically, to determine whether ROS play a role in OP-induced renal tubular epithelial cell (LLC-PK,) toxicity. For this we used AT as a prototype because it is used widely to combat a wide variety of insect pests of various crop species both within and outside the United States, and its metabolism is likely to produce reactive species through oxidation of the sulfur moeity (Meister and Sine, 1997) . The results from this study indicate that toxicity of AT to kidney cells is mediated at least in part through a free radical mechanism involving lipid peroxidation and that two antioxidant inhibitors of lipid peroxidation, desferrioxamine (DFO) and 2-methylaminochroman (2-MAC, U83836E), reduce AT-induced renal tubular cell injury.
MATERIALS AND METHODS

Methods
Cell culture. LLC-PK, cells, originally derived from porcine kidney proximal tubular epithelial cells, were obtained from The American Type Culture Collection (Rockville, MD). Experiments were conducted on cells between passage 196 and 215. Cells were grown in Dulbecco's modified Eagle's medium (DMEM; Life Technologies catalog No. 31600034) supplemented with L-glutamine (2 mM), 10% fetal bovine serum, streptomycin (100 /Mg/mL), and penicillin (100 U/mL). Incubation conditions were 5% CO 2 , 95% relative humidity, and 37°C temperature. For experimental studies, cells were seeded in 48-well culture plates and grown to confluence. Experiments were carried out in pyruvate-free basal medium Eagle (BME; Life Technologies catalog No. 21010-046) containing Earle's salts. Where antioxidant protection against AT toxicity was tested, confluent cell monolayers were preincubated with DFO or 2-MAC for 6 h in DMEM. The antioxidant-containing medium was aspirated off prior to AT treatment. AT, 2-MAC, and DFO were prepared in deionized water, whereas catalase was prepared in BME. AT and catalase were prepared immediately prior to use while 2-MAC and DFO were prepared weekly and refrigerated between uses.
Lactate dehydrogenase leakage quantitation. Release of lactate dehydrogenase (LDH) from cells into the supernatant, a function of cell damage, was measured by the kinetic method of Wahlefeld (1983) with L-lactate and nicotinamide adenine dinucleotide, using a spectrophotometer (Beckman DU-64) set at VIS/UV = 340 nm. LDH release in the cell layer was also determined. Then LDH release in the supernatant was calculated as a percentage of total release, i.e., LDH release in supernatant + LDH release in cell fraction.
H 2 O 2 measurement. H 2 O 2 accumulation in the supernatant was determined by incubating the supernatant with phenol red reagent for 30 min followed by addition of sodium hydroxide as described by Pick and Keisari (1980) . Endpoint color in H 2 O 2 standards and samples was assayed with the spectrophotometer set at 610 nm. H 2 O 2 levels were indexed for cell protein measured by the method of Lowry and presented as /xmol of H 2 O 2 accumulated/mg protein/h. Lipid peroxidation determination. Lipid peroxidation was assayed by quantitating malondialdehyde (MDA). one of its end products, in the form of thiobarbituric acid-reactive substances (TBARS) using the TBA reaction (Aust, 1985) . TBARS were measured at 532 nm in the combined fractions of the supernatant and cell lysate and then corrected for protein using the Lowry method. To minimize lipid peroxidation during sample processing, 5 /il of antioxidant butylated hydroxytoluene (BHT, 2%) was included in the samples and MDA standards. BHT did not interfere with the TBA reaction, based on the lack of any effect of BHT on MDA standards.
Materials
The cell culture solutions and media were purchased from Life Technologies (Grand Island, NY), and culture flasks and plates were obtained from Costar (Acton, MA). Acephate Technical 3 (purity 99.65%, with inert ingredients 0.35%) was a gift from Valent USA Corp. (Walnut Creek, CA). Antioxidant 2-methylaminochroman was obtained as a gift from Upjohn Laboratories (Kalamazoo, MI). All other chemicals including desferrioxamine were purchased from Sigma Chemical Co. (St. Louis, MO) and were of analytical grade or the highest grade available.
Experimental Protocols
AT-induced cell injury: Effects of concentration and time. Confluent LLC-PK, cells were incubated with concentrations of 625, 1250, 2500, and 5000 ppm of AT for 24, 48, 72, and 96 h to determine concentration-and time-dependent cytolysis.
AT-induced cell injury: Effects of 2-MAC and DFO.
Graded concentrations of 2-MAC (0.3125, 0.625, 1.25, and 2.5 fj.M) and DFO (0.25, 0.5, 1, and 2 mM) were employed to assess effects of these antioxidants on 2500 ppm AT-induced cell injury following 72 h of incubation, determined by LDH (% of total) release. These antioxidant protection results were used to select the 2-MAC and DFO concentrations for subsequent studies examining AT-induced H 2 O 2 production and lipid peroxidation.
AT-induced H 2 O 2 accumulation. Confluent cells were exposed to 2500 ppm of AT with or without preincubation with 2.5 /xM 2-MAC or 2 mM DFO. Catalase enzyme (100 /xg/mL) was co-incubated with AT in some wells to verify H 2 O 2 generation. AT treatment was given for 24 h. Then the medium was aspirated off and cells were incubated for another 24 h in BME alone. H 2 O 2 accumulation in the supernatant was determined as a function of the total cell protein. The medium containing AT was removed in order to minimize interaction of AT with the reagents used in H 2 O 2 measurement.
AT-induced lipid peroxidation. Confluent cells were exposed to 2500 ppm of AT with or without preincubation with a series of concentrations of 2-MAC or DFO. Cells were incubated with AT for 48 h. Then the medium was removed, and incubation was continued for another 24 h in BME following which TBARS were measured. Medium containing AT was removed to minimize interference of any of this compound with the protocol used to assess TBARS.
Statistical Analysis
Results are presented as means ± SE. Means were obtained from three experiments performed at least in duplicate. Statistical analysis was conducted using the StatView program for Windows, Version 4.53 (1992) (1993) (1994) (1995) (1996) , from Abacus Concepts, Inc. (Berkeley, CA). The differences between the groups were determined by ANOVA followed by Fisher's (post hoc) test for comparison of multiple means. The level of significance was set at p < 0.05.
RESULTS
AT-induced Cell Injury: Effects of Concentration and Time
AT produced a concentration-and time-dependent augmentation in cellular injury quantitated by LDH leakage. At 24 h, the groups did not exhibit significant differences in LDH (data not shown). A threefold increase in LDH leakage over the control following exposure to AT 5000 ppm was first observed after 48 h of incubation (Fig. la) . Upon continued incubation with AT for 72 h (Fig. lb) , the LDH release increased to almost 90% at 5000 ppm. At this time point, LDH leakage at AT 1250 ppm and AT 2500 ppm was also significantly higher than that produced by untreated control cells (AT 1250 ppm vs control, p = 0.0378; and AT 2500 ppm vs control, p < 0.0001). The cumulative spontaneous release of LDH by control cells over 72 h was 31.67%, which amounts to 0.44% per hour and is consistent with what is reported in the literature (Andreoli and Mallett, 1997; Salahudeen, 1995) . Following 96 h of incubation (Fig. lc) , significantly increased LDH release was noted at 1250 ppm (57.00 ± 2.89), 2500 ppm (73.33 ± 1.45), and 5000 ppm (86.67 ± 5.7) of AT, compared to the spontaneous LDH release in the untreated control cells (35.33 ± 2.03). AT produced a very high level of LDH leakage at 5000 ppm following incubation for 48, 72, and 96 h; therefore, the LDH release at 72 and 96 h was found not to be greatly elevated over that at 48 h. At both 72 and 96 h, LDH release induced by 2500 ppm of AT was about two times higher than control. The 72-h exposure duration was thus selected for studying protection afforded by the antioxidants 2-MAC and DFO.
AT-Induced Cell Injury: Effects of 2-MAC and DFO
Preexposure of cells to 2-MAC (Fig. 2a) and DFO (Fig. 2b) resulted in a statistically significant suppression of LDH release induced by 2500 ppm of AT over 72 h. Maximum protection was afforded by 2.5 /xM 2-MAC and 2 mM DFO, which amounted to a reduction in LDH leakage of about 50% below that released by cells treated with AT alone. The 2-MAC and DFO concentrations used in this study did not have any effect on LDH release in cells incubated with BME alone (data not provided).
AT-Induced H 2 O 2 Accumulation
H 2 O 2 accumulation (jitmol/mg protein/hr), depicted in Fig.  3 , was significantly higher in the AT-treated cells as compared to the untreated control: 1.293 ± 0.19 vs 0.847 ± 0.16, p < 0.05. Cells co-incubated with AT and catalase and cells incubated with catalase alone exhibited significantly lower H 2 O 2 accumulation compared to the control group (AT + Cat 100 0.403 ± 0.08 vs control 0.847 ±0.16; and Cat 100 0.18 ± 0.07 vs control 0.847 ± 0.16, p < 0.05). The finding with catalase served to confirm the production of H 2 O 2 . In preliminary experiments 2-MAC and DFO were found not to influence the levels of H 2 O 2 (data not provided).
AT-Induced Lipid Peroxidation
Incubation of cells with AT resulted in significantly higher peroxidation of cellular lipids indicated by MDA generation. Preloading of cells with 2-MAC (Fig. 4a) and DFO (Fig. 4b) reduced MDA levels concentration-dependently compared to Effect of AT on cell injury: Concentration and time dependence, (a) Confluent LLC-PK, cells were incubated with increasing concentrations of AT for 48 h and LDH release was determined. Data are expressed as means ± SE (n = 3) with duplicates; *p < 0.05 vs AT 625 ppm and **p < 0.05 vs the rest, (b) Confluent LLC-PK, cells were incubated with increasing concentrations of AT for 72 h and LDH release was determined. Data are expressed as means ± SE (n = 3) with duplicates; *p < 0.05 vs the control and t/> < 0.05 vs the rest, (c) Confluent LLC-PK, cells were incubated with increasing concentrations of AT for 96 h and LDH release was determined. Data are expressed as means ± SE (n = 3) with duplicates; *p < 0.05 vs the control and tp < 0.05 vs the rest. cells treated with AT alone. Marked suppression of TBARS formation of approximately 2-fold and 1.5-fold was observed following preexposure to 2.5 /u,M 2-MAC and 2 mM DFO, 
FIG. 2. AT-induced cytolysis:
Protective effects of 2-MAC and DFO. (a) LLC-PK, cells pretreated with graded concentrations of 2-MAC were incubated with 2500 ppm of AT for 72 h, and LDH leakage was measured. Data are expressed as means ± SE (n = 3) with duplicates; *p < 0.05 vs AT 2500 ppm and **p < 0.05 vs the rest. LDH release in group AT + MAC 0.3125 /xM was significantly different from that in AT + MAC 2.5 /xM. (b) LLC-PK, cells pretreated with graded concentrations of DFO were incubated with 2500 ppm of AT for 72 h, and LDH leakage was measured. Data are expressed as means ± SE (n = 3) with duplicates; *p < 0.05 vs AT 2500 ppm and **p < 0.05 vs the rest. LDH release in group AT + DFO 0.25 mM was significantly different from that in the other DFO-treated groups.
respectively, compared to the AT-treated group. More importantly, MDA production in the groups pretreated with 1.25 and 2.5 /xM 2-MAC and 2 mM DFO was significantly lower than that in the group given AT alone but was not significantly higher than the control.
DISCUSSION
This study demonstrates that AT directly causes renal tubular cell injury, which is accompanied by increased H 2 O 2 production and heightened lipid peroxidation. Furthermore, two FIG. 3. Effect of AT on catalase-inhibitable H 2 O 2 production. LLC-PK, cells were exposed to 2500 ppm of AT in BME for 24 h. Then the medium was removed and cells were incubated with BME alone for another 24 h, following which H 2 O 2 accumulation in the supernatant was quantitated. Data are expressed as means ± SE (n = 3) with duplicates; *p < 0.05 vs AT 2500 ppm and **p < 0.05 vs the rest. chemically different antioxidants suppress AT-induced lipid peroxidation and afford protection to cells.
AT is used for the control of a wide range of insect pests of many crop species inside and outside the United States (Meister and Sine, 1997). However, no OSHA exposure standard or threshold limit value has been established so far for AT (Chevron Chemical Co., 1984; Valent USA Corp., 1994) . The cell injury (LDH leakage) experiments indicate a delayed onset of cytotoxic effects, which suggests a threshold response based upon duration of exposure, where the lowest observed adverse effect concentration decreases sharply following an initial 48-h incubation. This threshold effect may result from the combined effect of AT and its relatively more toxic product methamidophos, shown to be formed after biological biotransformation (Thompson, 1992; Mahajna et al., 1997) or hydrolysis outside of living systems (Meister and Sine, 1997) . At the 5000 ppm concentration of AT, length of exposure was found not to greatly alter the degree of cell injury because at this concentration AT produced a very high level of cell injury.
The proximal tubular epithelial (LLC-PK,) cells were selected for this study because the main locus of injury in toxic nephropathies is at the proximal tubular level and the LLC-PK, cell line has been extensively used for toxin-induced tubular cell-injury studies (Rabito, 1986; Salahudeen et al, 1991 Salahudeen et al, , 1995 Salahudeen et al, , 1998 Ueda and Shah, 1992; Nath and Salahudeen, 1993; Salahudeen, 1995; Andreoli and Mallett, 1997) . Previous in vivo or clinical findings of acute tubular necrosis following AT intoxication do not necessarily confirm that AT is directly responsible for the tubular damage since in that situation acute tubular necrosis could be due to renal ischemia secondary to and often accompanying hypotensive shock. In this regard, our study provides first evidence that AT can directly cause tubular cell injury independent of hemodynamic effect. At 48 h, the medium was removed and cells were placed in fresh BME with no AT for another 24 h. Then MDA generation was measured. Data are expressed as means ± SE (« = 3) with duplicates; *p < 0.05 vs AT 2500 ppm and **p < 0.05 vs the rest. TBARS formation in the groups AT + MAC 0.3125 /xM and AT + MAC 0.625 /xM was significantly different from that in groups AT + MAC 1.25 /J,M and AT + MAC 2.5 jxM. (b) Incubation with 2500 ppm of AT for 48 h was preceded by treatment of cells with graded concentrations of DFO. At 48 h, the medium was removed and cells were placed in fresh BME with no AT for another 24 h. Then MDA generation was measured. Data are expressed as means ± SE (n = 3) with duplicates; *p < 0.05 vs AT 2500 ppm and **p < 0.05 vs the rest. TBARS formation in the groups AT + DFO 0.25 mM and AT + DFO 0.5 mM exhibited significant differences compared to that in groups AT + DFO 1.0 mM and AT + DFO 2.0 mM.
To test the role of ROS in AT-induced renal tubular cell toxicity, we chose two antioxidants based on their predominant ability to scavenge lipid radicals and protect the cells against oxidant-induced lipid peroxidation and injury (Salahudeen, 1995; Zageref a/., 1995) . Peroxidation of membrane phospholipids is an early and seminal event in the cell injury process that triggers a series of complex, self-perpetuating, and amplifying processes, including cytosolic calcium loading, proteolytic enzyme activation, cell swelling, and derangement in ATP production, culminating in irreversible cell injury (Halliwell et al, 1992; Schnellmann et al, 1994; Salahudeen, 1995; Waters et al, 1997) . DFO, an iron-chelating agent, inhibits the ironcatalyzed Haber-Weiss reaction responsible for excessive generation of hydroxyl radicals (Halliwell et al, 1992) . The 2-MAC compound is a hybrid synthesized by combining the chromanol ring of a-tocopherol with the amino group of 21-aminosteroid, and its ability to inhibit lipid peroxidation is greater than that of the parent compounds (Hall et al, 1990; Salahudeen, 1995) . We found elevated lipid peroxidation following incubation of cells with AT, measured by the standard TBA assay (Aust, 1985) , that was suppressible by 2-MAC and DFO. Although MDA/TBA reactivity as an index of lipid peroxidation must be employed with caution (Janero, 1990) , we believe that TBARS production serves as a valid indicator of lipid peroxidation in our test for several reasons. First, we took precautions to prevent autoxidation during sample processing by adding the antioxidant BHT as has been done previously (Salahudeen, 1995; Sheridan et al, 1996) . Also, investigators have shown earlier in other models of LLC-PK, cytotoxicity that TBARS generation correlates well with cell membrane arachidonic acid release, production of conjugated dienes (Wang and Salahudeen, 1994) , and generation of F 2 -isoprostanes, which are ROS-catalyzed peroxidation products of arachidonate . Furthermore, TBARS measured by the TBA reaction method were found to be equivalent to those obtained using the more specific HPLC separation method (Wang and Salahudeen, 1995) .
Concentrations of AT that are likely to be achieved in the kidney in vivo following either acute or chronic intoxication are currently not known. Toxicity is the ultimate result of an alteration in the balance between bioactivation and detoxication. The final quantity of OP compounds reaching any target tissue depends on factors such as relative enzyme affinities, intracellular OP concentrations, blood and tissue protein, and membrane binding characteristics. Therefore, caution must be employed while predicting the in vivo metabolic relationships and toxicity from in vitro data (Chambers, 1992; Sultatos, 1994) . Studies on effects of other OPs on human organs and tissues postmortem, following acute poisoning due to intestinal ingestion of OP pesticides (Shimizu et al, 1996; Tsatsakis et al, 1996) , have revealed greater deposition of the pesticides in organs than in blood. These studies depicted concentrations of 80 /xg dichlorvos/g kidney and 23.1 ju.g fenthion/g kidney, compared to 29 /xg dichlorvos/ml blood and 4.8 /xg fenthion/ml blood, respectively. AT concentrations used in this study to examine the involvement of free radical mechanisms are in high toxic levels (2500 ppm of AT being equal to 13.66 mM), and it is possible that such concentrations may only be attained in the kidney following the accidental or suicidal ingestion of large amounts of AT. It is important to take into consideration that in vivo metabolic reactions may hasten the conversion of AT to its more toxic metabolite methamidophos (Mahajna et al, 1997) , thereby increasing the toxic potency of AT in the in vivo situation.
The previous observation suggesting that OP-associated renal toxicity can be dissociated from the well-recognized AChE-inhibition mode of toxicity (Berndt et al., 1984) provides support to our finding that AT may have a direct effect on renal cell injury. Our observation that there was significant antioxidant-suppressible lipid peroxidation in cells incubated with AT confirms the involvement of free radicals in ATinduced cell injury. The previous studies suggesting a role for ROS in hepato-and neurotoxicity induced by other OPs (Julka et al, 1992; Yamano and Morita, 1992; Bagchi et al., 1995; Hai et al., 1995) support our finding. H 2 O 2 , a stable distal product of superoxide radicals (Halliwell et al., 1992) , is formed in larger quantity in AT-treated cells. Other species of free radicals such as superoxide and hydroxyl radicals, not examined in this study, could also be involved in causing AT-induced cell injury.
In our study, AT-induced lipid peroxidation was almost completely suppressed by the antioxidants while cell injury was not. One possibility is that AT-induced cell injury is not limited to free radical mechanisms. Oxidative mechanisms may be supplemented by nonoxidative pathways of injury resulting in amplification of AT's toxic effect and lipid peroxidation may result in part due to secondary peroxidation occurring in already damaged cells (Halliwell et al., 1992) . However, the finding that AT induces catalase-inhibitable H 2 O 2 and that there is significant protection with antioxidants against AT-damage would argue that ROS may play a role in the AT-induced renal cell injury.
Based on our new findings that incubation of proximal tubular cells with AT is accompanied by increased H 2 O 2 generation, lipid peroxidation, and cell injury, and agents that are predominantly scavengers of lipid radicals prevent lipid peroxidation and limit cell injury, we suggest that AT-generated free radicals and lipid peroxidation may influence evolution of detrimental histological and physiological modifications recorded in the kidney in both humans and rats (Berndt et al., 1984; Abend et al., 1994; Betrosian et al., 1995) , such as acute proximal tubular necrosis, and the concomitant disruption of renal function. These in vitro results form a basis for future investigations into the significance of oxidant stress in renal injury in vivo. It would be useful to conduct further toxicological and pharmacological studies to evaluate the potential of 2-MAC and DFO in drug therapy, in combination with the standard treatment protocols for OP intoxication.
